Excitation of finite size chains of magnetic spin-1/2 atoms adsorbed on a surface by tunneling electrons from a scanning tunneling microscope is studied theoretically in the case of a frustrated ferromagnetic structure of the chain. The magnetic excitation processes are described using the strong coupling approach from Lorente and Gauyacq [Phys. Rev. Lett. 103, 256802 (2009)]. Varying the exchange-coupling parameters, the chain length and the strength of an applied magnetic field generates a broad variety of magnetic structures in the chain. The links between these various structures and the excitation processes by tunneling electrons are presented, together with a discussion on how the magnetic structure of a chain could be inferred from an inelastic electron tunneling experiment. Extrapolation of the finite size calculations to infinite chains leads to a discussion of the characteristics of the spin waves that can be excited by tunneling electrons in these frustrated magnetic systems.
I. INTRODUCTION
The recent development of high-resolution, very lowtemperature STM (scanning tunneling microscope) allowed the study of the magnetic degrees of freedom of individual adsorbates. Excited states on an adsorbate can be evidenced by IETS (inelastic electron tunneling spectroscopy), in which excited states appear as steps in the conductance located at the energy of the excited states. In the case of an individual magnetic adsorbate on a surface, the spin of the adsorbate interacts with its surroundings leading to magnetic anisotropy, i.e., to the existence of several energy levels corresponding to different orientations of the adsorbate spin with respect to the substrate. High-resolution, low-temperature IETS brought evidence for the existence of these magnetic levels with a long enough lifetime in several systems, in particular in magnetic adsorbates on an ultrathin insulating layer on a metal. [1] [2] [3] [4] [5] [6] [7] [8] [9] These experiments also revealed that magnetic transitions in individual adsorbates are very efficiently induced by tunneling electrons. Actually, in certain systems, the inelastic conductance associated with magnetic excitations was larger than the elastic one. 4, 5 This is at variance with other excitation processes studied by IETS, such as vibrational excitation of adsorbates, for which the inelastic conductance was at most in the few percentage range. [10] [11] [12] These experimental achievements on magnetic studies prompted several theoretical developments to account for the specificities of the magnetic IETS. These were based on perturbation treatments, [13] [14] [15] [16] sudden approximation, 17 and a strong coupling approach. 18, 19 The strong coupling approach associated with a density functional theory (DFT) study of the system accounted very well for the experimental observations, in particular for the extremely high efficiency of tunneling electrons in inducing magnetic transitions; it also yielded a qualitative view of the process and of its efficiency. 19 It was later extended to treat the finite lifetime of excited magnetic adsorbates at surfaces; 20 indeed, in the same way as tunneling electrons are extremely efficient in inducing magnetic transitions in an adsorbate, electrons from the substrate that continuously hit the adsorbate induce an efficient quenching of magnetic excitations (via electron-hole pair creation). Analysis of magnetic excitations of individual adsorbates by polarized electrons was also reported, 16, [20] [21] [22] both experimentally and theoretically, in particular, in connection with transfer torque and high-current effects.
IETS of adsorbates is an extremely helpful experimental tool for characterizing magnetic structures at surfaces. For example, in individual adsorbates, IETS yields detailed spectroscopic information on the magnetic anisotropy levels of the adsorbate. IETS was also applied to nanostructures formed by several magnetic parts interacting together. This concerned finite size chains of adsorbates, 2 as well as interacting molecules in different layers. 5 The IETS experimental approach then allows us to decipher the magnetic structure of a system and, in particular, the type of magnetic coupling between its components (e.g., ferro-or antiferromagnetic). Analysis of the experimental data on finite size chains of magnetic atoms were then interpreted in terms of Heisenberg chains of local spins. 2, 5 The strong coupling approach developed for individual magnetic adsorbates has been extended to treat the magnetic excitation of the spin- 1 2 Heisenberg chain by tunneling electrons. 23 Finite size chains with ferro-or antiferromagnetic couplings between first neighbors were considered. It confirmed the very high excitation efficiency of tunneling electrons for Heisenberg chains. It also provided the energy and momentum spectra of spin waves excited by a tunneling electron, revealing very different characteristics for spin-wave excitation in ferromagnetic and antiferromagnetic chains. In this context, it is quite attractive to study various magnetic structures at surfaces and analyze how their structure influences magnetic excitations by tunneling electrons; this could be very useful in experimental studies in which IETS could be used to decipher the magnetic couplings in surface nanostructures. Frustrated magnetic structures made of spin-1/2 chains with various couplings offer an appealing playground for these kinds of studies. Chains with exchange couplings of different characters between first and second neighbors were shown to yield a broad variety of magnetic phases changing with the exchange couplings and with an applied magnetic field. In the present work, we analyze the excitation of frustrated ferromagnetic chains by tunneling electrons. Frustrated ferromagnetic chains have been the subject of many theoretical studies (see, e.g., Refs. [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] , prompted by the richness of the magnetic phase diagram of this model system (as said in Ref. 33 , "the ground state phase diagram . . . is a zoo of exotic quantum phases") as well as by the existence of several candidate materials, the magnetic properties of which were attributed to quasi-one-dimensional (1D) frustrated spin-1/2 chains (see, e.g., Rb 2 ). Below, we study the model system formed by a finitesize frustrated ferromagnetic spin-1/2 chain with the aim of relating changes in the excitation characteristics with changes in the magnetic structure of the chain. We also discuss how a finite size chain can be representative of an infinite chain. Our theoretical study is directly inspired from our earlier studies on the excitation of individual atoms 19 and of pure ferro-and antiferromagnetic spin-1/2 Heisenberg chains; 23 it is presented in Sec. II. Section III summarizes several characteristics of the frustrated magnetic chains that are relevant for the present study. Section IV presents the results for excitation of the chains by tunneling electrons, then, Sec. V concentrates on the evolution of the excitation processes with an applied magnetic field and Sec. VI on the spin-wave excitation. Finally, the paper ends in Sec. VII by a concluding summary.
II. METHOD
The present work uses a strong coupling approach identical to that used for treating the magnetic excitation of Heisenberg chains by tunneling electrons. 23 It is directly inspired from our treatment of magnetic transitions in individual adsorbates with magnetic anisotropy. 18, 19 The method is thus only briefly presented below.
We consider frustrated ferromagnetic Heisenberg chains, namely spin-1/2 chains ( S i spin at site i along the chain) with couplings between first and second neighbors (equivalent to a zigzag ladder):
(J < 0 and J > 0). An applied magnetic field, B, is present and aligned along the z-axis. μ B is the Bohr magneton, and g, the gyromagnetic factor. We study two different kinds of systems: chains described by the Hamiltonian Eq. (1) and rings described by
A ring with a loop condition on the Hamiltonian is, via its periodicity, an attempt to describe infinite systems. As discussed in detail in the literature, the above systems exhibits frustrated magnetism when J is ferromagnetic (J<0) and J is antiferromagnetic and large enough (see, e.g., Refs. 29, 33, and 34 for recent studies of the chain phase diagram in the (J /J , B) plane). In the model studies discussed below for various values of J and J , in the absence of a magnetic field, we use J as an energy unit and discuss the results as a function of the ratio J/J . In the presence of a B-field, one cannot use J as an energy unit and the J /J ratio as a parameter; we then consider a gyromagnetic factor equal to 2 and a coupling J set to 6 meV, assumed to be typical of Heisenberg couplings;
5 J is still discussed relative to J. Only even numbers of atoms in the chain (ring) are considered. Odd numbers lead to a different global symmetry of the system and so to different spectroscopic structures; though, in the case of chains with only nearest-neighbor coupling, the odd-number chains were found to lead to excitation processes similar to those found in the even-number chains even if the excitation energies were quite different. 23 Hamiltonian Eqs. (1) and (2) are diagonalized in a basis |B j of products of local spins of the form:
where M i is the projection of the spin of the atom at site i on the quantization axis (M i = ±1/2). The quantization axis is chosen parallel to the z-axis of the applied B-field. We used a complete basis set for the entire system at small N and for the largest N, complete basis sets for selected values of M Tot (M Tot is the sum of all the M i ). This yields the set of magnetic states of the systems, φ n , as
corresponding to the energies, E n . We consider that the STM tip is located above a given site along the chain (ring) of index i 0 . We assume that the electron is tunneling through the atom i 0 (the atoms in the chain are well separated and only interact via the Heisenberg coupling terms) and that its passage through the atom is very fast, so the Heisenberg coupling terms are inefficient during the tunneling process; then tunneling is described by only considering the coupling between the tunneling electron spin and the local spin S i 0 (see discussions in Refs. 19 and 23) . During tunneling, the electron spin couples with the local spin to form the total spin, S T , of the (atom i 0 + electron) system. S T can only be equal to 0 or 1 in the present model system with spin-1/2 adsorbates. For the present model study, we assume that tunneling is dominated by only one of the two possible values of S T , as was found in our studies on Mn, Fe, and FePc adsorbates 18, 19 (this is not a general result), and we chose the total spin S T , equal to 0 (similarly to our study of ferromagnetic and antiferromagnetic chains 23 ). The tunnelling amplitude from tip to substrate can then be written as
The initial state of the (electron + chain) system can be written as a product |i = |σ i |φ i (and similarly for the final state |f ), where the first ket refers to the tunneling electron (σ is for spin up or down), and the second ket is for the chain of atoms (only spin variables are explicit in the expressions). Using the results of the Hamiltonian diagonalization Eq. (4) and Clebsch-Gordan coefficients, these states can be expressed as
In the sudden approximation, the tunneling probability of an electron associated to a transition from state |i to state |f is given by
The probabilities are then expressed as the products of a global tunneling transmission, |T 0 Tip→Sub | 2 by a probability specific to the considered transition. If we further assume that the global tunneling transmission is independent of the tunneling energy in the small energy range that is spanned in a magnetic IETS experiment, then the conductance of the system (elastic and inelastic) as a function of the junction voltage, V, for nonpolarized electrons can be written as 18, 19 dI dV
where C 0 is the global conductance, E f are the various excitation energies of the system, and is the Heaviside function. Note that this conductance corresponds to a given initial state of the chain, noted, φ i ; below we will consider a vanishing temperature so that only the ground state is considered as the initial state. The assumption of a nonpolarized tip can be easily released. 20 One can stress that, in the present approach, the primary spin excitation is due to the coupling/decoupling of the spin of the tunneling electron with that of the i 0 atom. It is very similar to other angular momentum (rotation or spin) transfer processes in electron interaction with free molecules 40, 41 or adsorbed systems; 42, 43 it is linked to angular momentum conservation, and it can be seen as the recoil of the target (the i 0 atom) during a collision with a nonzero angular momentum particle. In addition, one could see the excitation in the chain as resulting from the sudden flip of the spin at site i 0 ; this is indeed the case for a ferromagnetic chain, however, in highly correlated systems, such as antiferromagnetic chains, entanglement also plays a role and leads to other excitations and in particular to excitations not associated to a spin flip of the tunneling electron (see a discussion for pure antiferromagnetic chains in Ref. 23 ). 
III. CHARACTERISTICS OF THE STUDIED FINITE CHAINS AND RINGS
As discussed in detail in the literature, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] Hamiltonian Eq. (2) leads to a ferromagnetic ground state for a small J and to frustrated magnetism for |J /J | > 0. 25 . In finite-size systems, frustration appears as crossings of states of different symmetries as functions of α = −J /J (see, e.g., Ref. 24) . Figure 1 presents this effect for a ring of 12 spins. The binding energy per atom of the system is plotted as a function of the ratio α . For small α, the ground state is ferromagnetic, with a total spin of the chain, S Tot = 6. When α is increased, the ground-state symmetry changes to S Tot = 0. For a ring system, it is possible to define the symmetry of the various states with respect to translation, by defining the associated wave number, k (see discussion in Ref. 44) . Here, k is always expressed in units of π/a, where a is the distance between two neighboring spins on the ring. The symmetry of the ground state of the system further changes when a magnetic field is applied. Figure 2 illustrates this effect for a ring and a chain of 16 spins (the ratio α is equal to 1/3); it displays M Tot , the projection of the total spin of the chain (ring) on the quantization axis for the system ground state. At small B, the system is frustrated, but when the applied field is increased, ferromagnetism is restored. There exists an intermediate regime in which the spin of the ring is neither fully frustrated (M Tot = 0) nor ferromagnetic (M Tot = 8). This evolution is different in the ring and in the chain. This evolution as a function of B of a finite system corresponds to the complex phase diagrams of the frustrated chains as a function of B and α that have been discussed recently. 29, 33, 34 One can also notice that the evolution of the system as a function of B involves jumps of M Tot that are not always equal to 1 (see discussion of various multiple spin jumps and their link with magnon condensation in Refs. 29, 31, and 32). The nature of the various magnetic phases met in this system has been discussed in the literature (see, e.g., phase diagrams in Refs. 29, 33, and 34) and will not be discussed here. Here we briefly stress the features that influence the excitation processes by tunneling electrons.
We can see in Fig. 1 that, when α is varied, the wave number, k, of the ground state changes, the ground state being at the center or at the edge of the Brillouin zone (see also Ref. 25) . We can correlate this with the spiral structure of the ground state in the frustrated case. This is illustrated in Fig. 3 that shows the correlation between the spins along a ring for N = 16 for various values of α. The correlation is defined as the mean value 4S 1z S iz for the ground state (S iz is the projection of the spin i on the quantization axis). For B = 0, the z-axis has nothing special and is thus representative of the way the various spins along the ring are aligned with respect to the spin of a given site on the ring. In the frustrated case displayed in Fig. 3 , the spins of two adjacent sites are not parallel, and the spins at second neighbors are not antiparallel either, confirming the frustrated character of the structure that is not governed by J or by J alone. There is an oscillating structure along the ring that is confined by the finite size and is thus periodic on the ring. Depending on the strength of the antiferromagnetic coupling, J , the system presents a certain number of oscillations. Globally the period decreases when J is increased; however, the number of oscillations is always an integer, due to the ring condition. The oscillating structure is thus constant in certain J domains and abruptly changes at well-defined J values, for which an extra oscillation is added (removed); for a constant ring size (16 atoms in Fig. 3 ), the number of oscillations starts with a single oscillation just above the frustration threshold (J = −J/4) and becomes constant and equal to 4 above a certain J strength. Odd (respectively, even) numbers of oscillations are associated to k = 1 (respectively, k = 0) translational symmetry of the ground state (note that the rings are spin- 1 2 ). This is reminiscent of the spiral structure of the classical magnetic chain, although the classical spiral pitch angle does not exactly correspond to the period observed here due to confinement and quantal effects. The same effect can be observed in the case of finite chains, too. Figure 4 presents the spin correlation 4S 1z S iz between the spin at one end of an N = 16 chain and the spin at the other sites. An oscillating structure is present similarly to the ring case that slowly decreases along the chain. However, the open boundary conditions at the two ends of the chain lead to a spin correlation different from that of the ring and to a noninteger number of oscillations in the correlation. The ratio between first-and second-neighbor couplings, α = −J /J , is equal to 1/3. A magnetic field is applied along the z-axis leading to changes in the magnetic structure of the chain; the four different situations (see Fig. 2 ) are labeled by M Tot , the total projection of the spin of the chain along the z-axis. The blue triangles (M Tot = 8) correspond to a magnetic field strong enough to restore the ferromagnetism of the chain.
An oscillating structure also appears in the intermediate case arising between frustrated magnetism and restored ferromagnetism when the applied B-field is varied. Figure 5 shows the mean value of the local spin projection, S iz , for the ground state of a chain with N = 16 atoms and −J /J = 1/3 for different B-fields, i.e., for different magnetizations of the chain (they correspond to the different plateaus seen in Fig. 2 ). In the ferromagnetic case, all the spins are aligned with the B-field, but for smaller B-fields, an oscillating pattern is visible along the chain with spins pointing in both directions. This oscillating feature should have direct consequences on STM experiments with polarized electrons, which can reveal the polarization of the spins along the chain. 45 Comparison between Figs. 3-5 makes the oscillations in the local spins in a magnetized chain appear as the remnant of the helical structure visible in the correlation function in the frustrated system at B = 0. The oscillating behavior of the local spins in the intermediate regime of a chain seen in Fig. 5 has already been discussed in detail in Ref. 33 . When its occurrence was viewed as the transition from the restored ferromagnetism to the intermediate regime, this oscillating pattern was interpreted as Friedel oscillations, direct consequences of the formation of bound magnons confined in a finite-size chain, the period of the oscillation being linked with the number of bound magnons. 33 The present studies concern chains and rings with a limited number of atoms (up to 18). Though, as is shown below, the characteristics of the magnetic excitation converge rather quickly with N, the number of spins in the chain, so that characteristics of the infinite system can be inferred, in a way similar to what was done for the pure ferro-and antiferromagnetic rings. 23 As a first check of this convergence, we can look at the behavior of the binding energy per atom in the ring as a function of the inverse of the number of atoms Figure 6 presents this energy per atom in the absence of a magnetic field for three different values of the ratio J /J in the frustrated magnetism regime (note that the problem does not exist for the ferromagnetic case for which a finite-size ring is exactly a piece of the infinite system). The convergence is perfectly visible, though it is not as fast as found in the case of a pure antiferromagnetic ring. 23, 44 Figure 7 presents the relative conductance as a function of the junction bias, V, for a chain (ring) of 12 atoms in the frustrated regime (−J /J = 1/3, no magnetic field). The system is initially in its ground state. The conductance is normalized to 1 for biases above all the inelastic thresholds. Only positive biases are shown; in the present study, positive and negative biases are equivalent. For a vanishing bias, the conductance is purely elastic; it presents a series of sharp steps for biases corresponding to the energy positions of the excited magnetic states that can be excited by the tunneling electrons, yielding the basis of the IETS spectroscopy. No broadening of the conductance was introduced to mimic experimental resolution so that steps in the conductance should be perfectly vertical; the finite slope of the conductance jumps in the figure is simply due to the finite size of the bias grid in the calculation. The height of each step corresponds to the contribution of the associated excitation process to inelastic tunneling. In the present model system, inelastic tunneling is highly probable, elastic tunneling only representing one-fourth of the total tunneling at large bias. This is very similar to what has been found in IETS experiments on individual adsorbates, for which the inelastic tunneling probability can be very high, 3, 4 as well as in the case of IETS on pure ferromagnetic (or antiferromagnetic) spin-1/2 chains. 5, 23 In the case of a chain, two results are presented corresponding to the STM tip located above an end atom of the chain or above a central atom (sixth atom of the chain in the present N = 12 case). The inelastic conductance appears to depend significantly on the position of the tip along the chain. In contrast, the results for a center atom of a chain are very close to those for a ring of atoms of the same length, although the various excited states are at different energies in the ring and chain cases. Nevertheless, continuous conductance curves that would be obtained by smoothening the ones in Fig. 7 would be very similar for the ring and the chain (center excitation). This is interpreted as a fast convergence property of the inelastic tunneling with the system size; when the electron injection point is far from the edges of the system, the conductance does not depend so much on how far the edges are.
IV. EXCITATION OF CHAINS AND RINGS BY A TUNNELING ELECTRON IN THE FRUSTRATED REGIME
It appears that the number of states that are significantly excited, i.e., the number of visible steps in the conductance, is very large, in particular for the center chain and ring excitation. For the system shown in Fig. 7 , the three conductances exhibit a very sharp rise in a small range of bias above zero and then a slower rise spreading up to two or three times the first-neighbor-exchange coupling, J, indicating a very large excitation probability for some low-lying levels. The number of excited states is significantly larger than in the case of a pure antiferromagnetic chain (ring) and much larger than for a ferromagnetic system for which only N/2 + 1 states are excited (see Ref. 23 ). In the frustrated regime, when the excited states are sorted according to their excitation probability, there is a very large number of states that are excited with a small probability, very slowly decreasing when going from one to the next. As an example, in the present model systems, for the N = 12 ring, the total number of states is 2 12 = 4096 states. These can be grouped taking into account symmetries to yield 540 degenerated excited states. Out of these, 103 degenerated states yield a step higher than 10 −5 in the conductance and 52 a step higher than 10 −3 . This explains the quasismooth appearance of the conductance as a function of junction bias, V, and one can conclude that, in the frustrated regime, a tunneling electron is not exciting a single spin-wave mode in the chains or rings in contrast to the ferromagnetic chain case (see a discussion of the ferromagnetic case in Ref. 23 ).
Lets us examine how the conductance varies with the characteristics of the magnetic chain or ring. Figure 8 presents the relative conductance for a ring of N = 18 atoms, for three different ratios α = 1/3, 5/12, and 1/2, in the absence of an applied magnetic field. The three situations correspond to frustrated magnetism. The conductance is different in the three cases: the main difference lies in the low bias range, large α being associated with a stronger excitation of states in the medium bias range (V≈J/e). Though, a sharp rise at small bias is always present, and the inelasticity does not spread very far beyond 3 J/e. This change in the conductivity is interpreted as a change in the energy of the excited states of the ring or equivalently as a change in the dispersion of spin waves in the system (see below). Figure 9 presents the relative conductance of a ring with a variable number of atoms for a ratio between the first-and second-neighbor couplings (α = −J /J ) equal to 0.5, i.e., in the frustrated regime. No magnetic field is applied. It appears that the conductance does not vary much with N, the smaller rings being associated with more marked steps and the larger ring with a smoother conductance. Actually the various curves look like different approximations with stepped curves of a common smooth curve, which would be the conductance for an infinite chain; the differences then simply come from the differences between the numbers of excited states among which the excitation is shared. The N-dependence is more visible in the small bias region, where there is a single step with a significant height, the position of which vary with N, and the height of which decreases when N increases. This difference becomes smaller when N increases, so that a conductance obtained by smoothening the N = 16, 18 curve can be considered as a reasonable estimate of the conductance of an infinite chain; similarly the derivative of the conductance for N = 16, 18 can be considered as a reasonable estimate of the energy loss spectrum of a tunnelling electron (see similar results for pure ferro-and anti-ferromagnetic chains in Ref. 23 ). Figure 10 presents the same kind of results for an open chain of finite length (N = 12-18). Only the case of an exciting tip located above an end atom is presented since the conductance above a center atom has been seen to resemble much the conductance of a ring (see Fig. 7 for N = 12) . The ratio between first-and second-neighbor couplings, α = −J /J , is equal to 0.5 as in Fig. 9 . Again the curves corresponding to different N appear to look like different approximations with stepped curves of a common smooth curve, which would be the conductance for a semi-infinite chain excited at one of its ends. Again in this case, the N = 16 or 18 results can be considered as a good approximation of the infinite system.
V. EVOLUTION OF THE EXCITATION OF CHAINS AND RINGS BY A TUNNELING ELECTRON WITH AN APPLIED MAGNETIC FIELD
As discussed in Sec. III (Figs. 2 and 5) , the magnetic structure of the chains and rings evolves when a magnetic field is applied, leading for strong fields to a restored ferromagnetic structure. Figures 11 and 12 illustrate how this evolution influences the magnetic excitation process by tunneling electrons. Figures 11 and 12 present the variation of the conductance for an N = 16 ring (Fig. 11 ) and chain (center excitation, Fig. 12 ) for different values of the applied magnetic field, B. The ratio between first-and second-neighbor couplings, α = −J /J , is equal to 1/3 so that the system is frustrated for B = 0, and ferromagnetism is restored above a certain field (the largest field in Figs. 11 and 12 correspond to this situation). Intermediate B-values correspond to the intermediate values of the magnetization of the system, i.e., to the plateaus in Fig. 2 (one value in each plateau). The variation of the conductance curve when the B-field is varied along any of the magnetization plateaus in Fig. 2 is extremely small: indeed, the magnetic structure of the system is exactly the same along a given plateau, the only change is due to the Zeeman term in the Hamiltonian, which only induces a very small energy shift of the various energy levels one with respect to the others. Three main differences can be noticed between the conductance curves computed for different magnetization plateaus: (i) the elastic conductance is larger in the ferromagnetic case (0.5) than in the frustrated case (0.25); (ii) the maximum energy loss of the tunneling electron decreases when the ferromagnetic structure is restored. Typically the maximum energy loss is slightly above 2J in the ferromagnetic case, corresponding to the top of the spin-wave dispersion function of a ferromagnetic ring (see, e.g., in Ref. 23 and below) and spreads out to around 3J in the frustrated regime; and (iii) the number of steps in the conductance curve is drastically reduced in the ferromagnetic case. Indeed, in the latter case, only spin waves are excited 23 and in a finite-size system, this leads to N/2 + 1 steps in the 085415-7 A magnetic field is applied to the system with different values (see insert) corresponding to the different plateaus of magnetization in Fig. 2 . In the B = 0.0 T case, the magnetism is frustrated, whereas the ferromagnetic structure is restored for B = 3.5 T.
conductance curve, whereas a much larger number of excited magnetic states are excited in the frustrated regime case.
If one considers the conduction curves in Figs. 11 and 12 as approximations of the conductance of an infinite system by step functions, the variation of the conductance with B, i.e., the dependence of the conductance on the magnetic structure of the chain, appears to be globally weak and reduced to features (i) and (ii). However, in finite-size systems, feature (iii) should be more easily observable and provide the signature for the transition between a frustrated ferromagnetic and a ferromagnetic system. Then using the B-value of the transition, together with the shape of the conductance (Fig. 8) could provide the basis of an adjustment procedure for quantitatively determining the magnetic structure (fit of the magnetic exchange interactions). Direct spectroscopic studies of short chains (analysis of the energy position of the individual levels) could also yield the basis of a structure adjustment. In addition, an STM study with polarized electrons and a B-field (even without inelastic effects considered) in the different intermediate regimes between fully frustrated and restored ferromagnetism can also be used to recognize nonhomogeneous polarizations of the atoms along the chain (e.g., as done in Ref. 45 for chiral structures).
VI. SPIN WAVE EXCITATION
In the case of a ring, the various magnetic states of the system can be assigned an energy and a wave number, k, so that the present excitation calculations can be used to obtain information on the energy and momentum spectrum Sp(E,k) of all the magnetic states excited by a tunneling electron (see, e.g., a discussion in Ref. 23 for pure ferro- Fig. 2 . In the B = 0.1 T case, the magnetism is frustrated, whereas the ferromagnetic structure is restored for B = 3.5 T.
and antiferromagnetic rings). The Sp(E,k) spectrum is linked with the dynamic form factor used for describing excitation in neutron scattering. However, one can stress that, the present Sp(E,k) spectrum yields the absolute value for the density of excitation probability by tunneling electrons for all states in the (E,k) space; it thus incorporates information about the excitation process, e.g., about the spin symmetry involved in electron tunneling through the active site in the chain (see Sec. II).
Let us first consider the case of restored ferromagnetism for which the spin waves are the only states excited by a tunneling electron. Figure 13 presents the dispersion curve of the spin wave in the case of a ring of 32 atoms. The applied B-field is equal to 4.1 T, and the ratio between first-and second-neighbor couplings, α = −J /J , is equal to 1/3. The ground state has the maximum magnetization M Tot = N/2, whereas the spin-wave states correspond to M Tot = N/2 − 1. The symbols give the present results for a finite-size system with N = 32. The dispersion curve is very well represented by the analytic form given by Kecke et al. 32 (full red curve in Fig. 13 ):
where k is in units of π/a. The dispersion curve is different from that of a pure ferromagnetic ring (J = 0), which is monotonic. Here, it presents a minimum for a finite k value, which for smaller B-fields leads to a negative energy, i.e., to frustration, the ferromagnetic state not being the ground state anymore (actually, other states with other magnetizations also participate in the frustration). Analysis of the conductance curve as a function of bias in the case of restored ferromagnetism shows that spin waves in the ferromagnetic ring are excited with a white spectrum in k, i.e., all k-values are excited with equal probability (when the tunneling electron energy is large enough, i.e., above all the excitation thresholds). This result is the same as for a pure ferromagnetic ring (J = 0 and B = 0, see Ref. 23); this is not surprising since the magnetic structure is the same, the extra coupling by J and the Zeeman effect only distorting the spinwave dispersion relation. From the calculations with a N = 32 ring, i.e., with a finite system, we can generate a continuous representation of the Sp(E,k) spectrum of the excited magnetic states by convoluting the discrete spectrum with broadening Gaussians in E and k. It corresponds to the excitation of the system by a tunneling electron with its energy larger than all the inelastic thresholds. Figure 14 presents Sp(E,k) for a ring of 32 atoms (applied B-field of 4.1-T, ratio between firstand second-neighbor couplings, α = −J /J , equal to 1/3). A broadening of 0.4 J in energy and of 0.12 in k (π/a) has been applied to yield a continuous-looking spectrum. Consistently with the above, the spectrum is concentrated on the spin-wave dispersion zone; because of Jacobian transform, the white-k spectrum yields bright regions in the Sp(E,k) spectrum in the low and high k regions.
In the frustrated magnetism regime, a very large number of magnetic states are excited and not only a single mode as in the ferromagnetic case. Nevertheless, we can try to define a spin-wave mode, similarly to what was done in Ref. 23 for finite antiferromagnetic rings: define a spin-wave mode from the most excited state at each k value. The corresponding dispersion relation for a N = 18 ring, a ratio between first-and second-neighbor couplings, α = −J /J , equal to 2/3, and no applied B-field is shown in Fig. 15 . The resulting dispersion is a double-arched curve, roughly centered at k = 0.5. It does The energy is given in units of J, the first-neighbor coupling and the wave number in units of π/a. The color code is given in the insert: light yellow regions correspond to high probabilities, dark red regions to small probabilities, and extremely low probabilities are in white. A magnetic field equal to 4.1 T is applied to the system, and the ratio between first-and second-neighbor couplings in the ring, α = −J /J , is equal to 1/3, so the figure corresponds to the case of restored ferromagnetism. The discrete spectrum has been convoluted with a Gaussian of width 0.4 J in energy and of 0.12 in wave number (π/a) to yield a continuous spectrum. not resemble at all the spin-wave dispersion that is found at larger B when ferromagnetism is restored (note that in Fig. 15 , J is used as the energy unit). However, it resembles what we can expect for a frustrated system with a very large α coupling ratio. In that case, one can consider the system to be dominated by the J coupling, i.e., to be formed of two almost uncoupled antiferromagnetic chains. The spin-wave mode would then be that of this antiferromagnetic chain with a spacing double of that of the original chain. The corresponding spin-wave dispersion 46 is given by
(with k in units of π/a); it is shown by the dashed line in Fig. 15 . The doubling of the period creates the double-arched structure. Equation (10) does not yield an accurate account of the spin-wave mode for α = 2/3, though it captures well the double-arched structure, reminiscent of the doubling of the chain spacing, when favoring second-neighbor couplings over first-neighbor couplings. This was further investigated by looking at the spin-wave dispersion for various α and an N = 16 ring and comparing it to the expected behavior for an antiferromagnetic chain (Fig. 16 ). It appears that when α is increased, the two arches become equivalent and the dispersion come closer to that of the simple antiferromagnetic case. However, one can notice that, in that case, only eight atoms participate in the definition of the antiferromagnetic chain and due to the rather slow convergence with they reproduce the spin-wave dispersion of the infinite system only approximately. This accounts for the fact that the results for N = 16 and α = 10.0 do not exactly reproduce the antiferromagnetic spin-wave dispersion; the defect is similar in the two cases (present and pure antiferromagnetic chain): very small at small k and larger close to the edge of the Brillouin zone (k = 0.5 here). As a consequence, we can conclude that, for a frustrated system with a finite α, the two antiferromagnetic subchains interact together and that this leads to the asymmetry of the two arches of the spin-wave dispersion seen in, e.g., Fig. 15 . One can mention that a similar structure resulting from the interaction between two subchains was recently observed in the case of weakly coupled spin-1/2 ladders. 47 A continuous representation of the excitation of magnetic states, Sp(E,k), in the frustrated regime is shown in Fig. 17 . It corresponds to a ring with N = 18 atoms, a ratio between first-and second-neighbor couplings, α = −J /J , equal to 2/3, and no applied magnetic field (same as in Fig. 15) . A Gaussian broadening of 0.4 J in energy and 0.12 π/a in k has been applied. In the low-energy region of the spectrum, one can recognize the asymmetric double-arched structure of the spin-wave dispersion discussed above. But even if it dominates the spectrum, it does not represent the whole of it, and upper-lying excited states are also significantly excited. This corresponds to the very large number of states that contribute to the inelastic conductance in the frustrated regime (see, e.g., Fig. 7 ). Again the frustrated regime appears very different from the restored ferromagnetic case (Figs. 14 vs 17) . As for intensities, a bright spot appears at low energy and middle k in Fig. 17 ; it is associated to the very fast growth of the conductance at small biases (e.g., Fig. 7 ). The k-dependence of the excitation spectrum in the ring case can be further illustrated by summing over the excitation energy. Figure 18 shows the discrete k-spectrum obtained directly in the present calculation (only discrete k-values are present in a ring, and no Gaussian broadening was applied in Fig. 18 ). It presents the k-excitation spectrum for an N = 16 ring and various values of the ratio between firstand second-neighbor couplings, α = −J /J (the α-values in Fig. 18 are the same as those depicted in Fig. 3) . No magnetic field is applied. The k-excitation spectrum appears as a rather flat background with a sharp peak at a given k-value that depends on the value of α. Actually the k-excitation spectrum shape in Fig. 18 can be directly correlated to the spiral structure of the spin correlation in the ground state, which is depicted in Fig. 3 . Both the spin correlation in the ground state and the position of the maximum in the k-spectrum are almost constant in given α intervals, and they jump together at well-defined α-values. Only four different behaviors are found in the case of an N = 16 ring and are depicted in Figs. 3 and 18 . When the period of the spin correlation along the ring is equal to aN/n (n = 1-4, see Fig. 3 ), the k-excitation spectrum is maximum at k = 2nπ/(aN). It thus appears that the wave-number spectrum (k-spectrum) of excited states maximizes at the value of the momentum associated to the spiral structure of the spin correlation of the system ground state. One can also notice that in Fig. 17 , the spin correlation of the ring ground state is associated with n = 4 and consistently the k-spectrum maximizes at 4/9 (π/a).
The sharp maximum in the k-spectrum can be interpreted in view of the excitation process in the correlated Heisenberg chains, which has been presented in Ref. 23 The energy is given in units of J, the first-neighbor coupling and the wave number in units of π/a. The color code is given in the insert: light yellow regions correspond to high probabilities, dark red regions to small probabilities, and extremely low probabilities are in white. The ratio between first-and second-neighbor couplings in the ring, α = −J /J , is equal to 2/3, and no magnetic field is applied to the system, so the figure corresponds to the case of frustrated magnetism. The discrete spectrum has been convoluted with a Gaussian of width 0.4 J in energy and of 0.12 in wave number (π/a) to yield a continuous spectrum. a large number of local spin configurations [|B j states of Eq. (3)]. The tunneling process through the i 0 adsorbate selects a given symmetry for the (electron + spin i 0 ) system, and this deeply perturbs the ground-state wave function of the system. For example, in the present model system in which the tunneling S T = 0 symmetry is chosen, tunneling can only occur for opposite spins of the electron and i 0 adsorbate; thus, tunneling of an electron with a given spin direction projects out half of the ground-state wave function. The final state of tunneling is thus very different from the initial one and corresponds to the excitation of a very large number of excited states. In addition, the spiral structure that was visible on the correlation between spins at different positions along the ring appears as a distribution of spins along the ring, once half of the ground-state wave function has been projected. Indeed, let us suppose the tunneling electron is spin up; tunneling selects in the expansion of the system ground state over |B j states those that have a local spin i 0 down; as a result, the spiral structure that was initially only visible on spin correlations between site i 0 and the others is now directly visible on the mean local spins, and consequently the period visible on correlations of the ground state is now visible as a translation property of the final state of tunneling, i.e., as a nonvanishing k value. In a way, tunneling that selects a given S T symmetry uncovers the underlying periodicity of the ground-state wave function of the frustrated system. At this point, we can stress that a similar effect is present in the excitation of a pure antiferromagnetic ring, and this can be used to interpret one of the results of Ref. 23 . In the pure antiferromagnetic case, the Heisenberg coupling tends to align the spins of second neighbors, leading to a spin correlation with a period 2a. Similarly to the present situation, this leads to a maximum of the excitation spectrum for k = π/a, i.e., at the edge of the Brillouin zone; this is exactly what was found in Ref. 23 .
VII. CONCLUDING SUMMARY
This paper reported on a theoretical study of magnetic excitation of a finite size Heisenberg chain of spin-1/2 by tunneling electrons. The case of frustrated ferromagnetic chains is studied using couplings between first and second neighbors along the chain with opposite signs. As is well documented in the literature, this simple system offers a rich variety of different magnetic structures and thus yields the perfect playground for analyzing how the magnetic structure of a chain is reflected in the way it can be excited by tunneling electrons or equivalently how an IETS experiment can decipher the magnetic couplings in a chain. In practice, we computed the conductance for an STM tip located above one of the sites along the magnetic chain; the bias dependence of the conductance exhibits a series of steps at well-defined biases corresponding to the existence of a series of magnetic excitations induced by the tunneling electrons.
The present study is of model character, although several systems have been interpreted as quasi-1D frustrated Heisenberg chains [35] [36] [37] [38] [39] and the range of parameters studied here should cover the corresponding situations. In addition, varying the different parameters in the chain and considering different chain lengths allows the present model study to span a large variety of different magnetic regimes as well as gaining information on infinite chains. On these two points, the main results are (i) Starting from a chain with a frustrated ferromagnetic structure, an applied magnetic field restores the ferromagnetic structure through different intermediate magnetic structures (finite number of intermediate structures in the case of a finite-size chain). Analyzing the variation of the conductance of a chain as a function of the applied field reveals how the IETS spectrum can be connected with the change of magnetic structure. Surprisingly, the change of conductance associated to the magnetic structure evolution of a given chain is not very large (actually a smooth curve obtained by rounding out the various inelastic steps in the conductance would exhibit a very limited dependence on the applied B-field). The main differences between the conductances for the various structures concern the magnitude of the elastic conductance (smaller in the frustrated case), the energy spread of the excitations (broader in the frustrated case) and the number of excited states. This last feature is the most spectacular for finite-size systems: whereas a very large number of excited states contribute to the inelastic conductance in the frustrated regime, only a very small number contribute in the restored ferromagnetic case.
The assignment of the magnetic structure of a chain from a single IETS spectrum is thus not straightforward. Though, analysis of the B-variation of the IETS spectrum along the above criteria, possibly associated to a spin-polarized STM experiment to reveal the intermediate spiral structure (such as seen in Fig. 5 ) should allow structure assignment in the case of finite-size chains.
(ii) Extrapolation of finite-size rings to infinite systems allows determining the characteristics of the spin wave in the frustrated magnetic chains, as they are excited by tunneling electrons. For high-applied B-fields, the ferromagnetic spinwave structure is restored with a dispersion law modified by the second-neighbor couplings in the chain. In this limit, only the usual ferromagnetic spin wave is excited, and no other state participates in inelastic tunneling.
In the frustrated regime, a very different spin-wave dispersion is found, which in the limit of a large second-neighbor coupling, can be interpreted as the spin-wave dispersion in the two antiferromagnetic subchains formed by second neighbors. This first spin-wave mode is not the only one that is excited, and many other higher-lying states can be excited by a tunneling electron.
The momentum dependence of the spin-wave excitation has also been determined. It is extremely different in the frustrated regime and in the restored ferromagnetic case. In the latter case, as in the pure ferromagnetic case, the spectrum of excited spin states is white as a function of the momentum, reflecting the local spin-flip character of the excitation process (see discussion in Ref. 23 ). In contrast, in the frustrated regime, the momentum spectrum peaks at a well-defined value corresponding to the periodicity of the spin correlation along the chain in the ground state of the system. This feature is a direct consequence of the excitation mechanism at play in these highly correlated systems: tunneling through the adsorbate i 0 selects a well-defined coupling between the electron spin and the i 0 adsorbate spin, and this selection reveals the spin correlations present in the ground state of the chain.
